INTRODUCTION
All herpesviruses have double-stranded DNA genomes of more than 100 kbp, which are transcribed, replicated and packaged into complex icosahedral nucleocapsids within the nuclei of their eukaryotic host cells during productive cycles of virus growth. Productive or lytic cycles of herpesvirus replication are cytocidal and virus gene expression typically proceeds in at least three main sequential phases: immediate early (IE or ~), delayed early (E/DE or fl) and late (y) (Roizman & Batterson, 1984) .
In addition to these productive cycles of virus growth which occur during the initial acute infections of their normal multicellular hosts, herpesviruses commonly persist thereafter in latent infections, during which virus gene expression is highly restricted. Virus which is maintained in this latent form may then give rise to new rounds of productive infection and thus also provides a reservoir for the infection of naive contacts (Wildy et al., 1982; Roizman & Sears, 1987) . However, herpesviruses differ remarkably in the composition and structure of their genomes and in their biological properties and the diseases with which they are associated. A subdivision into three major virus subgroups (alpha-, beta-and gammaherpesvirus) has been suggested, based upon differences in the growth of the viruses in vitro and in the nature of the tissues involved in the acute and latent infections in vivo (Roizman, 1982; Honess & Watson, 1977; Honess, 1984) . The human herpesviruses provide representatives of each of these three major subgroups.
The agents of recurrent oral and genital infections (herpes simplex virus types 1 and 2; HSV-1, HSV-2) and the virus of chickenpox and shingles (varicella-zoster virus; VZV) are representatives of the alpha-or neurotropic herpesviruses. Virus from the acute lesions caused by these viruses is seeded to neurons of the sensory ganglia serving these primarily affected sites and establishes a latent infection within these cells. Periodic recurrences of productive virus replication at peripheral sites served by these neurons may then occur. In contrast, the EpsteinBarr virus (EBV; the agent of glandular fever or infectious mononucleosis and the prototype of the so-called lymphotropic or gammaherpesviruses) produces a primary infection of the oropharynx with subsequent non-productive infection of circulating B cells. Both in vivo and in vitro the virus can be shown to persist as a multi-copy episome with limited virus gene expression within dividing B cell populations (Kieffet al., 1983 ; Dambaugh et al., 1986) . It is evident that productive virus replication in the oropharynx must occur to enable the progeny virus to sustain the natural cycle of transmission, and it has recently been suggested that undifferentiated epithelial cells in the oropharynx are also the relevant site of the latent infection and virus persistence (see Allday & Crawford, 1988 for a brief review of the evidence for this view). Whatever the site of the biologically relevant latent infection, the intact EBV genome [and the genomes of the lymphotrophic viruses of New World monkeys, e.g. herpesvirus saimiri (HVS); see Fleckenstein & Desrosiers, 1982] can certainly persist as an episome within a dividing cell population. Finally, the cytomegaloviruses (CMVs) of man (human CMV; HCM¥) and of other animals currently constitute the third major subgroup, the betaherpesviruses. Once again, there is a requirement for virus replication in the oropharynx to explain the normal transmission properties of the virus. The sites and properties of the latent or persistent infection are, however, uncertain (see for example, Mercer et al., 1988) .
We are interested in the relationships between the diverse molecular and biological properties of herpesviruses. Following the developmen t of relatively rapid and efficient methods of DNA sequencing, an increasingly valuable database of sequences from herpesvirus genomes is becoming available. Complete sequences of the genomes of the human gammaherpesvirus, EBV (human herpesvirus 4; Baer et al., 1984) , the A + T-rich human alphaherpesvirus, VZV (human herpesvirus 3; Davison & Scott, 1986) , HSV-1 (a G + C-rich alphaherpesvirus; McGeoch et al., 1988) and a betaherpesvirus (HCM¥ ; human herpesvirus 5) are now available (see Table 1 for a summary). We have also sequenced some 40 kbp from the 111 kbp coding sequences of the A + T-rich gammaherpesvirus HVS (Table 1 ) and fragmentary information is available for some other members of the group.
One of the clear conclusions from earlier analyses of these sequences was that the large differences in the mean mononucleotide compositions of herpesvirus genomes were not produced by selective pressures acting via the protein-coding functions of these sequences (Honess, 1984) and that there need be no functionally significant linkage between the biological properties of a given herpesvirus and its mean base composition. However, in the course of further analyses of herpesvirus DNA sequence we have noted that the frequency and distribution of some dinucleotides does appear to correlate with some biologically relevant properties. We present and discuss the significance of these observations in this paper.
METHODS
DNA sequences. The sources and some relevant properties of DNA sequences used for the present analyses are summarized in Table 1 (Staden, 1984 (Staden, , 1986 and Molecular Genetics and Sequencing (MGS) (W. Greer, P. Gillett & R. Mott, National Institute for Medical Research, London)] were used to count the observed frequencies of mononucleotides and dinucleotides in samples of DNA sequences and to calculate the expected frequencies of dinucleotides as the simple products of these observed mononucleotide frequencies. Deviations of the observed from the expected frequencies of dinucleotides are displayed in a number of ways; first, as the number of times the observed frequency (O) exceeds the expected frequency (E) (i.e. when O > E, O/E = + fold excess), or is less than the expected frequency (i.e. when E > O, E/O = -fold deficit). Excesses and deficits of equivalent magnitude have equivalent scaling in this display and we prefer it to the more usual plot of O/E for all values of O. Since these displays both use ratios of observed and expected frequencies they are corrected for differences in the absolute values of expected frequencies for sequences of differing mononucleotide composition (Fig. 1, 3 and 5). In order to examine correlations between the deviations from expected frequencies of independent pairs of dinucleotides, the absolute magnitudes of these differences were computed (i.e. O -E; e.g. Fig. 2) . A modified version of the ANALYSEQ program (R. Staden, unpublished) permitted the computation and graphic display of these deviations of observed from expected frequencies within a sliding window (e.g. Fig. 6 ).
All the analyses presented here were of a single strand of the listed DNA sequence; in most cases this was the message-sense strand for small samples of coding sequences. Reading frames in the complete DNA sequences of herpesvirus genomes are distributed between both DNA strands and the majority of these sequences have coding functions. In situations where repetitions of a sequence feature made a significant contribution to the sequence under analysis (e.g. the BamHI W repeats of EBV) analyses were performed separately for the repetitive and nonrepetitive portions of the sequence.
RESULTS

Mean deviations of observed from expected frequencies of dinucleotides in large samples of DNA
sequences from genomes of alpha-, beta-and gammaherpesvirus A summary of the mean deviations of observed from expected frequencies of the 16 possible dinucleotides in samples of sequences from G + C-rich and A + T-rich alphaherpesviruses, HSV-1 (68"3~o G + C) and VZV (46~ G + C), from a betaherpesvirus (HCMV; 57~o G + C) and from G + C-rich and A + T-rich gammaherpesviruses, EBV (60~ G + C) and HVS (35~ G + C), is presented in Fig. 1 . The most striking feature of these plots is the highly significant deficits in the observed occurrence of CpG dinucleotides in sequences of EBV and HVS, combined with an excess ofTpG + CpA and ApG + CpT. In contrast, the sequences of HSV, VZV and HCMV have observed frequencies of CpG, TpG and CpA dinucleotides very close to those predicted from their corresponding mononucleotide composition, but have a deficit in ApG + CpT dinucleotides. All these sequences have the small deficit in ApT + TpA and the excess in ApA + TpT which have been noted as general properties of DNA sequences from very diverse sources (see, for example Nussinov, 1984) . The dinucleotide frequency measurements derived here from DNA sequence data for HSV-1 closely resemble previous results based upon measurements of nearest neighbour base frequencies by Subak-Sharpe and colleagues (Subak-Sharpe, 1967; Russell & Subak-Sharpe, 1977) . These previous studies also showed that other alphaherpesviruses, pseudorabies virus (74~ G + C) and equine abortion/rhinopneumonitis virus (54.4~ G + C), had frequencies of CpG and ofTpG + CpA close to values expected from unbiased associations between mononucleotides. The fragmentary sequence data available for genes from these viruses confirm that they are not deficient in CpG dinucleotides (see Table 1 In addition, available samples of sequences from independent isolates of HSV and HCMV were analysed in a similar way, but are not illustrated (a summary of the sequences examined is given in Table 1 ).
The deficiency in CpG dinucleotides in gammaherpesvirus genomes is correlated with a compensating excess of TpG + CpA dinucleotides
Measurements of nearest neighbour base frequencies first established that within vertebrate DNAs the dinucleotide CpG occurs three-to fivefold less often than expected from their mean mononucleotide compositions. This relative deficiency has been convincingly related to the properties of the DNA methylation systems of higher eukaryotes and the instability of the major methylated product (Razin et al., 1984) . The major DNA methylation system modifies cytosine in CpG pairs to give 5-methyl-CpG and a substantial fraction of the available CpG dinucleotides are methylated. However, 5-methylcytosine is deaminated at high frequency to give thymine (Coulondre et al., 1978) , resulting in a net loss of 5-methyl-CpG to TpG and, after replication, CpA dinucleotides. In all the genomes so far analysed, the observed defcit in CpG dinucleotides is correlated with the extent of DNA methylation and a proportional excess of the products predicted from the resulting biased mutations (TpG + CpA) (Bird, 1980) . Moreover, it is now apparent that vertebrate DNA is a mosaic of relatively G + C-rich sequences, in which CpG dinucleotides occur at close to the expected frequencies, and A + T-rich sequences in which CpG dinucleotides are deficient, i.e. that residual CpG dinucleotides are concentrated into 'islands' (Bernardi et al., 1985) . The majority of CpG dinucleotides in CpG islands are not methylated, whereas the residual CpG dinucleotides in the CpG-deficient fractions of the genomes are efficiently methylated (Bird, 1986) .
A general correlation between the relative deficiency in CpG and the excess in TpG and CpA in herpesvirus DNAs was evident from Fig. 1 . However, one of the advantages of an analysis of herpesvirus genomes is that a range of clearly homologous genes are encoded by highly divergent nucleotide sequences. It is therefore possible to examine the relationship between deviations of observed from expected frequencies of dinucleotides for these sets of homologous genes from CpG-deficient and non-deficient genomes of different mononucleotide composition. Data summarizing the relationships between deviations of observed from expected frequencies of CpG versus TpG + CpA dinucleotides for large samples of DNA sequences from HSV, VZV, EBV, HVS and CMV, together with data derived from homologous genes from these five viruses, are given in Fig. 2 . There is a good correlation between CpG defcit and TpG + CpA excess in coding sequences for proteins of all recognized regulatory and functional classes in these G + C-rich and A + T-rich gammaherpesviruses. Sequences encoding homologous genes from G + C-rich and A + T-rich alphaherpesviruses are not deficient in CpG dinucleotides. The majority of the sequences of the HCMV contain CpG and TpG + CpA at frequencies that do not deviate markedly from random expectation (Fig. 1 ). More surprisingly, there is a significant local deficit of CpG, correlated with an excess of TpG and CpA, in the region of the dominant immediate early genes of HCMV ( Fig. 2, IE ; see also Fig. 5 and 6 ).
Local variations in the frequencies of CpG dinucleotides in CpG-deficient genornes
A relative deficiency in the occurrence of CpG correlated with an excess of TpG + CpA is reasonable a priori evidence for methylation as the mechanism responsible for CpG depletion. As noted above, exposure to methylation is not uniform in vertebrate DNA, and residual CpG dinucleotides are not randomly distributed. The selective retention of CpG dinucleotides in some regions of DNA and their loss from others may provide an indirect measure of differences in exposure to methylation systems or of a requirement for retention of a fraction of these residues. There are clear examples of this phenomenon in the papovaviruses, which are profoundly CpG-depleted and where residual CpG dinucleotides are concentrated in the regulatory sequences which separate early and late transcription units (unpublished observations). We have therefore examined available herpesvirus DNA sequences for intragenomic heterogeneity in the distribution of CpG dinucleotides.
A representation of the major coding and non-coding features of the linear form of the EBV genome is shown in Fig. 3 , relative to displays of the variations in mononucleotide content and in the deviations of observed from expected occurrences of GpC (filled histograms) and CpG (hatched histograms) dinucleotides. All occurrences of CpG were below expectation, but there are significant differences in the magnitude of the deviation in different regions of the EBV genome. There is no simple relationship between the variations in mononucleotide composition of different regions of the genome and the deviations of observed from expected dinucleotide frequencies. Most major repetitive elements are CpG-deficient, as are the best characterized cis recognition frequencies (oriP and the major latent cycle promoter sequences in BamHI C; see Discussion). The only sequences that can currently be presumed to contain a cis recognition element and which are not markedly CpG-deficient are the repeated sequences at the genome termini (two copies are indicated at the right-hand end of the genome in the map shown here). (1984) with the reading frames identified as described in Fig. 3 , except that the BMLF1 reading frame is annotated as such. In addition, data are given for regions defined by nucleotides 1 to 11500 (EBV a), 54 to 170000 (EBV c) and 55 500 to 62000 (EBV b; BFLF2 and LF1 through BFRF1 to RF3). The sources of data for HVS (U]) are given in Table 1 . TS signifies the coding sequences for TS, G the region of the IE gene in HindlII G, 52K the coding sequences of the 52K IE gene; data points also shown for the whole 30000 nucleotide sample of HVS (HVS a), the rightmost 16500 nucleotides of HVS L-DNA (HVS c) and the region of this latter sequence that encodes homologues of the genes in EBV b (HVS b). For VZV (O) data points from the sequence of the whole genome (VZV a) and for the region of reading frames 23 to 27 inclusive (VZV b; homologous to EBV b and HVS b) are shown in addition to individual reading frames. For HCMV (A), analyses from the sequence of the Us and Rs regions (short), the HindlII F fragment (F), IE regions 1 and 2 (IE; see also Fig. 5 and 6 ) and glycoprotein B (gB) are given. A mean value for the total DNA from human spleen is also indicated (<>; human).
Other sites at which observed frequencies of CpG approach the expected values are distributed throughout coding sequences across the virus genome.
One possible basis for the selective retention of CpG dinucleotides within coding sequences would be via a constraint on the nature of permissible amino acid substitutions consistent with maintaining an essential function. The EBV genome contains many genes that are conserved throughout the herpesviruses (Fig. 2 and 3 ) as well as genes that have no recognized counterpart in other members of the group. We therefore examined the distribution of CpG dinucleotides relative to the distribution of conserved amino acid sequences in alignments of EBV genes encoding the major capsid protein (BcLF1), glycoprotein H (BXLF2), DNA polymerase (BALF5) and the major DNA-binding protein (BALF2) with the homologous genes of VZV and HSV. There was no simple relationship between the distribution of residual CpG dinucleotides in the EBV sequence and the distribution of amino acid residues that are conserved in these alignments (not shown). Whilst some of the most profoundly CpG-deficient regions of the EBV The mononucleotide compositions and expected and observed occurrences of the dinucleotides were computed for non-overlapping 501-nucleotide intervals across the complete sequence of the EBV genome determined by Baer et al. (1984) (i.e. 172282 nucleotides; abscissa is marked at intervals of 1 kbp). The interpretation of the sequence to produce the genetic map, together with results of studies associating functions with products of the major open reading frames, has recently been summarized by Farrell (1989) . Major open reading frames are represented by open arrows (amino to carboxy terminus) and are named in sequence relative to the BamHI fragment containing their amino termini with their orientation on the prototype map indicated by R (rightward) or L (leftward). For example, the leftmost open reading frame begins in BamHI N and is directed to the right, i.e. BNRF1. A number of reading frames with which functions have been associated, either directly or by virtue of homology with genes of known functions in other herpesviruses, are annotated. For example, the EBV-determined nuclear antigens (EBNAs), the latent membrane protein (LMP) and some early antigens are indicated [i.e. EBNA-1 exon in BKRF1, annotated NA-1 ; EBNA-2 includes the BYRF1 exon, annotated NA-2; EBNA-3 includes the BERF1 exon; LMP includes the BNLF1 exons; restricted early antigens EA(R) include the BHLF1 exon, and diffuse early antigens EA(D) include the BMLFI exon]. A convenient summary of data identifying reading frames by their homology to genes of other herpesviruses has been presented by Davison & Taylor (1987) and by Gompels et al. (1988) . These genes include BaRF1 and BORF2 with homology to the small (rr) and large (RR) subunits of ribonucleotide reductase, BLLF2 homologous to dUTPase (dU; dUT in Fig. 2 ), BGLF5 homologous to alkaline exonuclease (alk exo; exo in Fig. 2 ), BcLF1 homologous to the 150K capsid protein (MCP in Fig. 2 ), and BALF2, BALF4, BALF5, BXLF1 and BXLF2 encoding homologues of the major DNA-binding protein (MDBP; DBP in Fig. 2 ), glycoprotein B (glyco B; gB in Fig. 2 ), DNA polymerase (DNA-pol; pol in Fig. 2 ), thymidine kinase (TK), and glycoprotein H (glyco H, gH in Fig. 2 ), respectively. The sequence is numbered with respect to the Sinai site marking the conventional righthand end of HVS L-DNA (see Stamminger et al., 1987; Cameron et al., 1987) with the KpnT site separating KpnI + Sinai E and KpnI D (in a) starting at nucleotide 9052. Occurrences of GpC (A) and CpG (A) are marked, as in the perfect 15 bp palindrome (beginning at nucleotide 8844) and the TATA homology (boxed, beginning at nucleotide 9314) proximal to the start site for the major transcript (nucleotide 9343). The sequence is from our analyses of the HVS genome, but this region is included in the sequence published by Bodemer et al. (1986) and the differences between our sequence and the published sequence of Bodemer et al. (1986) do not affect the present results. genome occur in coding and non-coding regions which have no homologues in the genomes of HSV and VZV, most of these regions contain repetitive nucleotide sequence elements. Within non-repetitive sequences, some of the least CpG-deficient regions of the EBV genome specify the least well conserved protein products (e.g. BOLF1, BPLF1; see for example Davison & Taylor, 1987) . We conclude that regional variations in exposure to methylation are a major source of heterogeneity in the distribution of CpG dinucleotides in EBV DNA. An examination of the available sequences of the HVS genome (Table 1 , and unpublished results) revealed two examples of sequences which depart from the general pattern of CpG deficiency with TpG/CpA excess. The first example consists of a cluster of CpG dinucleotides localized in the unique sequences upstream of the start site for the major late transcript which serves the thymidylate synthase (TS) gene of HVS (Honess et al., 1986; Bodemer et al., 1986; E. P. Smith & R. W. Honess, unpublished results). The major features of this sequence are summarized in Fig. 4 . The general level of CpG deficiency across this region is similar to the remainder of the genome (compare occurrences of CpG and GpC summarized at the top in a). However, a small cluster of CpG dinucleotides occurs in a relatively A + T-rich region between the TATA box of the HVS promoter and a prominent 15 bp dyad symmetry element (Fig. 4) . Table 1 ) (a), MCMV (strain Smith; see Table  1 ) (b), and SCMV (strain Colburn; Y.-N. Chang & G. S. Hayward, unpublished results) (c). In each panel, the major transcripts and open reading frames (bars indicate stop codons) are indicated at the top, together with occurrences of reference restriction endonuclease cleavage sites and of dinucleotides (and homotetranucleotides in the case of the SCMV sequence). The six plots forming the remainder of each panel show the difference between the observed and expected number of occurrences (observed -expected) of the dinucleotides CpG, GpC, TpG, GpT, CpA and ApC in a 401-nucleotide sliding window with data points plotted every five nucleotides and with the plots scaled from -I-25 to -25 (ordinates). In each case a highly significant local deficiency in occurrences of CpG is correlated with an excess of TpG and CpA.
+I.4L (a)
The second example of a set of sequences that has properties which differ from the majority of the HVS genome are those of the terminal H-DNA repeat units. The most common form of this repetitive unit from HVS strain 11 DNA consists of 1444 bp with a mean composition of 70.9% G + C (Bankier et al., 1985) . Mature progeny genomes each contain more than 30 copies of this sequence distributed between the left-and right-hand molecular ends. The only function attributed to these highly reiterated sequences is that of providing appropriately spaced recognition sites for the cleavage/packaging of progeny DNA molecules (see Stamminger et al., 1987) . The dinucleotide frequencies of the repetitive unit show a number of significant departures from random expectations, including a deficit in CpG dinucleotides (O/E = 7.6%/12.6%). This relative deficit is less than that observed for the majority of the HVS genome and there is not a compensating excess of TpG and CpA (O/E = 6.2%/4.9% and 5.1%/5.3 %, respectively). Moreover, the CpG deficiency is not the only significant departure from random expectation (there are significant excesses of ApG and CpT, O/E = 9-7%/5.8 % and 7.1%/4.6 % respectively; and deficits of ApC and GpT, O/E = 2.6 %/5.3 % and 3.3 %/4.9 % respectively). We conclude that DNA methylation does not have a major influence on the base sequence of the H-DNA repeat.
Local variations in dinucleotide frequencies in alpha-and betaherpesvirus genomes
Within the available samples of sequences from genomes of the alpha-and betaherpesviruses, the only clearly significant local CpG deficiency correlated with a TpG + CpA excess occurs over the major IE genes of CMV (Fig. 5) . Data for the major IE genes of HCMV were also noted in Fig. 2 ; however, the sequences of IE genes of a murine CMV (MCMV) and a simian CMV (SCMV) have also been completed (Table 1) . A comparison of the occurrences of selected diand oligonucleotides relative to the major open reading frames and mRNA species proposed for each of these sequences is presented in Fig. 6 (upper portions of a, b and c). Also shown in Fig. 6 are measures of the differences between observed and expected frequencies of selected dinucleotides across these sequences (lower parts of a, b and c). A significant CpG deficit with a correlated TpG + CpA excess occurs over the coding sequences of each of these IE genes. The HCMV and SCMV sequences encode proteins which are clearly related, and although these proteins encoded by the "MCMV sequence are not obviously related to proteins of the primate viruses (Keil et al., 1987) , they are presumed to have analogous roles as regulatory cofactors.
DISCUSSION
In this paper we have identified some major differences in the frequencies of dinucleotides that occur in the genomes of biologically distinct herpesviruses. Specifically, DNA sequences of A + T-rich and G + C-rich gammaherpesviruses are generally deficient in CpG dinucleotides with a compensating excess in occurrences of TpG and CpA. In contrast, these dinucleotides occur at frequencies close to those expected from random associations between mononucleotides in the genomes of A + T-rich and G + C-rich alphaherpesviruses. A localized deficiency of CpG correlated with an excess of TpG and CpA occurs in the region of the major IE genes of three different CMVs (i.e. betaherpesviruses). Our interest in these observations is that they suggest a simple criterion which may discriminate in a significant way between properties required of the latent genomes of alpha-, beta-and gammaherpesviruses and the tissues that harbour them. We summarize our interpretation of these observations in Table 2 and state the main steps involved in reaching these interpretations below. We also consider experimental data which support these interpretations and outline some predictions based upon them.
The major logical elements in our interpretation are as follows. (i) The only known mechanism for producing a selective depletion of CpG dinucleotides with a compensating increase in TpG and CpA is via biased mutations resulting from deamination of 5-methylcytosine in methylated CpG dinucleotides. (ii) Herpesviruses are not known to encode DNA methylation systems, and virion DNA from productively infected cells is not detectably methylated. Differences in the methylation of latent genomes by host cell mcthylation systems are therefore the most likely sources of differential loss of CpG and gain of TpG and CpA dinucleotides. (iii) Methylated latent genomes must be, or have been, the regular precursors to infectious progeny in viruses with CpG-deficient genomes, and cannot be the normal precursors to infectious progeny in viruses which are not CpG-deficient. (iv) De novo methylation of DNA is a relatively inefficient process and there are significant tissue-specific differences in the rates of de novo methylation. Virus genomes that routinely become extensively methylated must therefore remain stably associated with a dividing cell population through multiple cell divisions. Experimental investigations with EBV and with HVS have shown that genomes of each of these viruses are maintained as multi-copy episomes within proliferating lymphoblastoid ceils (see Introduction). In the case of EBV this property has been linked to the possession of a specific cis recognition sequence (the plasmid origin, oriP) and the expression of a single originbinding function (EBNA-1) which permits stable maintenance of an intact virus genome as a plasmid which is replicated by host cell enzymes (Reisman et al., 1985; Yates et al., 1985; Rawlins et al., 1985) . These EBV and HVS episomes have each been shown to become extensively methylated in a process requiring many cell divisions. However, even in highly methylated molecules, a number of sites have been shown to remain undermethylated (hypomethylated), including sequences comprising the terminal H-DNA repeats of HVS DNA. The DNA progeny produced by induction or reactivation from cultures containing methylated EBV or HVS episomes are not methylated (Desrosiers et al., 1979; Desrosiers, 1982; Kintner & Sugden, 1981; Larocca & Clough, 1982; Szyf et al., 1985; Dyson & Farrell, 1985) .
In contrast, the latent genomes of HSV in neuronal cells are not detectably methylated (Dressier et al., 1987) . Moreover, there is no evidence for the functional equivalent of a plasmid origin in the genome of HSV or VZV. The only known 'origin' sequences in these alphaherpesviruses are sequences utilized as origins of lytic cycle DNA replication. The activation of these lytic cycle origins requires the presence of multiple DE replicative functions (Wu et al., 1988) , none of which have been shown to be expressed constitutively in latently infected cells (e.g. Deatly et al., 1987) . The absence of detectable methylation of HSV in neurons is not due to the inability of host cell methylation systems to act on this substrate. Multiple CpG residues within G + C-rich sequences appear to be optimal targets for these methylation systems (Bolden et al., 1985) and integrated copies of HSV DNA in cell lines have been shown to become methylated (e.g. Clough et al., 1982) . Moreover, there is at least one report of a lymphoblastoid cell line in which apparently intact HSV genomes have been shown to become methylated (Youssoufian et aL, 1982) . Thus, there is reasonable evidence showing that the genomes of EBV and HVS routinely become methylated, that they can be reactivated from methylated precursors and that HSV is not methylated in its normal latent site, the neuron.
A number of specific and general predictions arise from our interpretation of these observations. First, significant CpG clusters in non-repetitive sequences of CpG-deficient genomes should indicate regions of latent virus genomes that are relatively protected from methylation. The site 5' to the HVS TS gene should provide an appropriate system to test this proposition. Conversely, the CpG deficiency localized over the region of the major IE gene of the CMVs suggests that this region alone is routinely exposed to methylation in the latent state. Such localized exposure is difficult to imagine if the latent template is replicated as an episome, but can be imagined if constitutive expression of the IE gene from an unreplicated template increases its relative accessibility. Another obvious general prediction, which should also be testable, is that the transposition of sequences from a non-CpG-deficient virus into a CpGdeficient virus should lead to high rates of methylation-induced mutation of the transposed sequences associated with passage through the latent state.
Finally, the most interesting prediction concerns the properties of Marek's disease virus (MDV) of chickens. This virus has long been regarded as a lymphotropic or gammaherpesvirus because of its association with lymphomas in chickens and as a result of extensive studies of cell lines derived from these lymphomas which have suggested parallels to EBV (Payne, 1982; Nonoyama, 1982) . Thus, multiple copies of the virus genome are detectable in cell lines in which a minority of cells appear to be undergoing productive infection, virus genomes in some of these cell lines have apparently been shown to be episomal and to become methylated (Hirai et al., 1981 ; Kaschka-Dierich et al., 1979; Kanamori et al., 1987) . However, recent studies of the genetic organization of MDV [and of its near relative the herpesvirus of turkeys (HVT)] have shown that the genomes of these viruses are grossly collinear with those of the alphaherpesviruses HSV and VZV (Buckmaster et al., 1988) . There are a number of genetic permutation events necessary to relate the gene orders of these alphaherpesviruses to the order of conserved genes observed in the gammaherpesviruses EBV and HVS (Gompels et al., 1988) . Furthermore, pairwise comparisons between the predicted protein sequences encoded by the MDV genome with those of HSV/VZV and EBV also reveal a much greater degree of similarity to products of the alphaherpesviruses and a number of the proteins encoded by MDV/HVT have only been recognized in other alphaherpesviruses [Buckmaster et al., 1988;  we have also found that the MDV 'A'-antigen sequence presented by Coussens & Velicer (1988) is clearly homologous to HSV-1 glycoprotein C). Most relevant to our interest here, available samples of sequences of MDV and HVT are clearly not deficient in CpG, have no excess of TpG and CpA but do have a deficit in ApG/CpT (our analyses of sequences provided by Dr A. Buckmaster & Dr L. J. N. Ross; and in Coussens & Velicer, 1988) . There is, therefore, a discrepancy between the classification of MDV/HVT as a gammaherpesvirus based upon a view of some of its biological properties and objective measures of relatedness which place MDV with members of the alphaherpesvirus lineage in a phylogenetically based system. If our interpretation of the source of CpG deficiency is correct, we must also predict that the methylated MDV DNA sequences in lymphoid cells cannot be the latent intermediate in the natural transmission cycle of the virus. The epidemiologically significant form of the virus must be transmitted from the progeny of a persistent, lytic infection or by reactivation from a latent genome which is not methylated. The resolution of this issue will require a much clearer view of the criteria that should be applied in attempting to understand the relationships between molecular and biological properties of herpesviruses. We believe that the analysis of dinucleotide frequencies provides a simple molecular characteristic which may well correlate with some significant biological properties and should be considered in attempts to understand the evolution of the herpesviruses.
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